Abstract. We present a statistical study of four years of Cluster crossings of the mid-altitude cusp. In this first part of the study, we start by introducing the method we have used a) to define the cusp properties, b) to sort the interplanetary magnetic field (IMF) conditions or behaviors into classes, c) to determine the proper time delay between the solar wind monitors and Cluster. Out of the 920 passes that we have analyzed, only 261 fulfill our criteria and are considered as cusp crossings. We look at the size, location and dynamics of the mid-altitude cusp under various IMF orientations and solar wind conditions. For southward IMF, B z rules the latitudinal dynamics, whereas B y governs the zonal dynamics, confirming previous works. We show that when |B y | is larger than |B z |, the cusp widens and its location decorrelates from B y . We interpret this feature in terms of component reconnection occurring under B y -dominated IMF. For northward IMF, we demonstrate that the location of the cusp depends primarily upon the solar wind dynamic pressure and upon the Y-component of the IMF. Also, the multipoint capability of Cluster allows us to conclude that the cusp needs typically more than ∼20 min to fully adjust its location and size in response to changes in external conditions, and its speed is correlated to variations in the amplitude of IMF-B z . Indeed, the velocity in • ILAT/min of the cusp appears to be proportional to the variation in B z in nT: V cusp =0.024 B z . Finally, we observe differences in the behavior of the cusp in the two hemispheres. Those differences suggest that the cusp moves and widens more freely in the summer hemisphere.
Introduction
The cusp regions play a major role in solar windmagnetosphere coupling. In fact, they are the regions through which the magnetosheath plasma has direct access to the magnetosphere and the ionosphere. Therefore, a good understanding of these regions opens the doorway to the key issues of solar wind-magnetosphere-ionosphere coupling (e.g. review by Smith and Lockwood, 1996) .
Cusp location and dynamics are a known topic and although this was not the primary goal of our study, we have decided to report about this in this first paper, with the intent not to redo what has already been done, but to present data in an original manner and to take advantage of the quality of Cluster data and its multipoint capability. Incidentally, this is the first systematic statistical study of the mid-altitude cusp, thereby bridging previous work done at low and high altitudes.
Cusp size
The size of the cusp obviously depends on the altitude one considers. With its funnel-like shape, the cusp may be as broad as several Earth radii at high-altitude (Chen et al., 2005) and reduces to a few hundred kilometers in the ionosphere (Newell and Meng, 1994) .
Another crucial parameter, especially when it comes to the cusp longitudinal size, is the length of the reconnection line (X-line) at the magnetopause. Although the statistical results by Newell and Meng (1994) suggested that the cusp is on average relatively narrow in terms of MLT, other authors have reported a very wide cusp footprint due to a much extended X-line (Crooker et al., 1991; Maynard, 1997) .
As for the latitudinal width, it seems to depend primarily on the orientation of the IMF. While one could think that an increased reconnection rate under southward IMF would widen the cusp, Newell and Meng (1987) showed 3012 F. Pitout et al.: Cluster survey of the mid-altitude cusp and explained that the cusp is actually wider for northward than for southward IMF. The explanation comes from the enhanced convection under southward IMF which does not allow all the injected magnetosheath particles to reach the lower altitudes.
Cusp latitudinal location and dynamics
Although alternative explanations have been put forward in the past, suggesting that substorm activity was the main driver for cusp dynamics (Eather, 1985; Stasiewicz, 1991) , large-scale latitudinal dynamics of the cusp in relation to the IMF orientation are no longer questioned and are now relatively well understood. Many studies involving various instruments and techniques have dealt with this topic for the past 30 years or so: low-altitude satellites (Escoubet and Bosqued, 1989; , mid-altitude satellites (Formisano and Bavassano-Cattaneo, 1978; Pitout et al., 2006) , high-altitude satellites (Zhou et al., 2000; Palmroth et al., 2001) , space-borne imagers (Bobra et al., 2004) or ground-based optical instruments (Sandholt et al., 1983 (Sandholt et al., , 1994 McCrea et al., 2000, and references therein) .
Whatever the hypothesis of magnetic reconnection one considers, the IMF orientation controls the location of the reconnection site at the Earth's magnetopause and thus directly determines the location of the cusp region. Obviously, as a consequence, cusp dynamics are extremely sensitive to changes in the IMF orientation. The component of the IMF which controls the cusp latitudinal location and dynamics is mainly B z Zhou et al., 2000; Palmroth et al., 2001) .
For southward IMF, the equatorward boundary of the cusp is very sensitive to the amplitude of the Z-component of the IMF. This is explained in terms of magnetic erosion at the dayside magnetopause: magnetic reconnection near the subsolar magnetopause (between the two cusps) tends to erode the Earth's magnetic field (Burch, 1973) . This happens when the time scale for reconnection is shorter than the convection time scale. Thus, the outermost closed field line ends up closer to the Earth. By mapping down to the magnetosphere, this means an open-closed field line boundary (OCB) at lower latitude. Observations show that the more negative the IMF B z is, the lower in latitude the cusp finds itself.
For northward IMF, with the reconnection site at a much higher latitude, the whole cusp is also at a higher latitude but its location is then less sensitive to the magnitude of the Zcomponent and its footprint in the ionosphere is rather stable at around 77 MLAT .
Other parameters come into play in determining the cusp latitudinal location. The dipole tilt angle Zhou et al., 1999) introduces a shift. For instance, when the dipole tilts sunwards, the cusp is shifted poleward in the Northern Hemisphere and equatorward in the Southern Hemisphere. The Y-component of the IMF also seems to have an influence: for large B y , the cusp finds itself away from noon (as we shall see in the next section) but also at a slightly lower latitude (Zhou et al., 2000; Wing et al., 2004) , unlike predictions made by Rodger et al. (2000) .
The solar wind pressure may also account for the cusp latitudinal location by moving the magnetopause standoff distance. A compressed magnetosphere, for instance, would mean a magnetopause closer to the Earth and therefore the first open field lines at a lower latitude (Newell and Meng, 1994) . For instance, cusp precipitation are commonly observed at latitudes which are usually considered as auroral latitudes (65-70 MLAT) when a coronal mass ejection hits the Earth's magnetosphere. (e.g. Meng, 1982 ).
Cusp longitudinal location and dynamics
The east-west component of the IMF also plays a very important role since it is the one that determines the cusp zonal location and dynamics. In the frame of anti-parallel reconnection (Crooker, 1979) , the X-line splits into two parts (one in each hemisphere) when the IMF has a nonzero Ycomponent. The sign of B y then determines the zonal location of the reconnection sites and thus the location of the cusps . For a negative B y , the reconnection site is in the dawn sector and the newly-opened field lines are dragged duskward. On the contrary, for B y positive, the cusp moves duskward and its plasma flows dawnward (Moen et al., 1999) . This description applies to the Northern Hemisphere; everything has to be inverted in the Southern Hemisphere.
For component reconnection (Gonzales and Moser, 1974; Sonnerup, 1974) , the description above also applies aside from the X-line, which does not disrupt but runs across the dayside magnetopause (e.g. Moore et al., 2002) . Indeed, the cusp has sometimes a much wider zonal extent than expected (Maynard et al., 1997; Wild at al., 2003) but there has been no conclusive evidence so far that cusps having a large MLT extent necessarily result from component reconnection.
At last, it seems that the azimuthal solar wind flow may also contribute to the zonal dynamics of the cusp by "pushing" it dawn-or duskward accordingly Zong et al., 2004) .
Methodology
In order to perform a statistical study of cusp crossings, we need three basic elements: criteria for orbit selection, a few criteria which will allow us to define the cusp, and the IMF orientation corresponding to each crossing. In the second part of this work, we shall introduce a fourth element: a few typical cusp morphologies which will allow us to classify cusp crossings. 
Cusp location and orbit selection
The orbits selected for this statistical study are taken from twelve months. For each of the years 2001 through 2004, we have studied 40 Cluster orbits from 1 July to 31 October. This period of each year was chosen because the Cluster spacecraft were then orbiting at a middle altitude in the dayside magnetosphere ( Fig. 1) between 16:00 and 08:00 MLT, respectively. As our initial motivation behind this survey was the identification of double cusps, we have deliberately taken a wide MLT interval (+/−4 h on both sides of magnetic noon), as reconnection sites leading to double cusps are expected to be located far away from 12:00 MLT (under strong IMF-B y ). Out of the 160 orbits we have looked at, a maximum of 960 cusp crossings can be expected: 40 orbits/year times 4 years times 2 hemispheres times 3 spacecraft (no CIS sensors operational on SC2).
Cusp plasma properties
Determining the signature of the cusp at the middle altitude from particle data is not trivial. At a high altitude, one usually uses the characteristic magnetic depletion as a signature. At a middle altitude, such an unambiguous signature does not exist. The criteria which we have used to define the cusp are based on previous studies on cusp plasma at midor low-altitudes (Formisano and Bavassano-Cattaneo, 1978; Newell and Meng, 1988) . We have used measurements performed by the CIS ion spectrometer (Rème et al., 2001 ) and the Flux Gate Magnetometer (Balogh et al., 2001 ) on board the Cluster-2 spacecraft . The criteria are the following. We first need a condition on the particle density in the cusp. This condition is crucial and it will be in fact our primary criterion. Laasko et al. (2002) showed that density (electron density in their case) is a very reliable parameter to identify the polar cusp. We know from statistical studies at a high altitude (e.g. Lavraud et al., 2004) that the density in the exterior cusp is more or less equal to that in the magnetosheath. Since the magnetosheath plasma is a shocked and compressed solar wind plasma, we can expect densities in the cusp to be several times greater than the solar wind density. Results by Lavraud et al. (2004) suggest that the density in the cusp decreases with altitude down to solar wind values at ∼8R E . Therefore, we impose the ion density to be greater than or equal to that in the solar wind.
For many cases, a condition concerning the density was not sufficient to characterize the cusp; the density is sometimes high in the low-latitude boundary layer (LLBL), too. We therefore impose additional conditions on both the mean energy and energy flux by nucleon of the downgoing ions:
-Pitch angles between 0 and 30 • or between 150 and 180 • according to the hemisphere, northern and southern, respectively.
-Mean ion energy <E i >∼2-3 keV and energy flux F i greater than 10 7 ev/cm 2 s sr eV for energies ∼1 keV (Stenuit et al., 2001 ).
-At last, we do not expect many high energy ions in the cusp plasma (Lockwood and Smith, 1994) , so ion energy fluxes are imposed to be lower than 10 6 ev/cm 2 s sr eV for energies above 10 keV. This condition helps us in particular to differentiate the closed LLBL and the cusp for northward IMF, when the two layers are sometimes difficult to separate.
Determining the prevailing IMF
In order to have the applicable IMF for each crossing, we have used the magnetic field instrument (MAG) and the solar Figure 2 shows the magnetic local time (MLT) at which all 261 crossings were observed. We see, as expected from orbit data obtained from the Joint Science Operation Center (JSOC), that Cluster flies through the dayside magnetosphere in the morning sector in July and progressively drifts towards noon in early September and the afternoon sector later on.
We have projected in Fig. 3 all cusp crossings on a MLT vs. invariant latitude ( ) plot. Crossings occurring in the Northern and Southern Hemispheres are colored in black and red, respectively. At a first glance, we see that most of the recorded cusps are located between 10:00 and 14:00 MLT and 75 • and 80 • ILAT.
An important aspect one needs to bear in mind for the forthcoming analysis is that the apogee of the Cluster orbit is slightly below the equatorial plane. Consequently, the cusp is crossed neither at the same altitude, nor at the same speed in the two hemispheres. This is clearly visible in Fig. 4 , which shows the altitude of each crossing versus the speed of the spacecraft. All crossings occurring in the Southern Hemisphere (in red) occur between 5.5 and 8 R E , whereas those in the Northern Hemisphere (in black) occur below 5.5 R E . Our data set consists of 146 crossings in the Northern Hemisphere and 115 in the Southern Hemisphere.
Crossing duration and cusp size
Cluster measures the latitudinal extent of the cusp at a single longitude. What we can infer from the duration of the crossing is therefore the latitudinal width of some part of the cusp. Figure 5 displays for each crossing, from top to bottom, the altitude of the spacecraft and its velocity, the duration of the cusp crossing in minutes, the latitudinal width in degree, and the latitudinal width (obtained by multiplying the speed of the spacecraft by the duration of the crossings) in thousands of kilometers. Even if, on average, a cusp crossing lasts 14 min and the cusp width is 1.96 • or 3.43×10 3 km (0.54 R E ), We have calculated the mean cusp width for both northward and southward IMF cases. We find 2.10 • and 1.58 • , respectively. This is in agreement with results by Newell and Meng (1987) . We can even determine a relation between the cusp width and the Z-component of the IMF, although the correlation is not very high. Figure 6 shows the cusp width in degrees versus IMF-B z . The red dots represent averaged cusp width by +/−5 nT bins. Those red dots may be interpolated nicely by a straight line whose equation is:
Cusp width = 0.052B z + 1.87.
(1)
In order to have an insight into the rapidity of the reaction of the cusp width to changes in the IMF, we have plotted in Fig. 7 the variations of the cusp width versus the corresponding variations in IMF-B z . The top panel shows variations ( width) SC between all possible pairs of spacecraft crossing the same cusp (3 pairs of differences at most for each pass), whereas the bottom panel shows variations ( width) HEM between all possible pairs of spacecraft (it may be the same spacecraft) crossing the southern cusp first and then the northern cusp on the same orbit (9 pairs of difference at most for each orbit). Obviously, only cases where the IMF was measured (i.e. steady or rotating IMF conditions) were considered, which considerably limits the number of data points. The cusp is expected to widen with increasing B z and becomes narrower with decreasing B z , so we ought to observe data points only in the top-right and bottom-left sectors. The top panel does not exhibit clearly this tendency, which suggests that the time between the two passes of successive satellites through the cusp (a few minutes up to a couple of tens of minutes) is too short; the cusp width does not quite have the time to adapt itself. On the other hand, the tendency is clearly visible in the bottom panel. Of course, in this case, the cusp has about 4 h to adjust to the new solar wind conditions. The linear fit of the data points gives the following relation (with a good correlation coefficient of 0.68):
Newell and Meng (1987) observed this with successive passes of DMSP satellites, i.e. 101 min apart. All this suggests that the time scale for the cusp to fully reconfigure is somewhere between a couple of tens of minutes and ∼100 min. In order to look at possible hemispheric/altitude and IMF effects, we have averaged the latitudinal width of the cusp for several conditions. Results are shown in Table 1 , which show the cusp latitudinal width in thousands of kilometers for various IMF behaviors and for both hemispheres. The number of occurrences of each case is shown between parentheses. Note that we prefer, for accuracy's sake, to handle here the width in distance (calculated from the speed of the spacecraft and the duration of the crossings).
First of all, we see what was foreseen: the cusp is wider when it is crossed in the Southern Hemisphere because the spacecraft are then at a higher altitude (∼ 8 R E instead of ∼5 R E in the Northern Hemisphere). This is observed when all IMF are considered, for both steady southward and northward IMF, and for variable IMF. For rotating IMF, the results show a wider cusp in the Northern Hemisphere. Besides, the motion of the cusp relative to the spacecraft motion does not seem to play any role. We recall that Cluster flies through the dayside magnetosphere from south to north, so one could expect, for a rotation from a southward to a northward IMF, for instance, to find a wider apparent cusp in the Northern than in the Southern Hemisphere (as the cusp would move northward, i.e. in the same direction of the spacecraft in the Northern Hemisphere, unlike in the Southern Hemisphere where the cusp and the spacecraft would move in opposite directions). The most relevant seems then to be the conditions before the change: wide cusp for rotation from north to south, narrow for rotations from south to north. This shows again that the cusp needs some time to adjust itself to new IMF conditions. Note that there may be some hysteresis effect of the magnetosphere involved as well, as suggested by Palmroth et al. (2006) . Also, we would like to discuss the possible role of the season, because if the cusp is expected in our case to be wider in the Southern Hemisphere, the speed of the magnetosheath flow, which determines the length of time an open fieldline spends in the cusp, should also intervene in determining partly the width of the cusp (Newell and Meng, 1987) . Now magnetosheath flow is supposed to be faster near the cusp of the winter hemisphere than that of the summer hemisphere and therefore, the cusp ought to be narrower in the winter hemisphere. In other words, does the seasonal effect counterbalance the altitude difference as far as the cusp width is concerned? Table 2 helps us investigate the possible "conflict" between the two aspects. It shows the mean cusp width for each hemisphere, for IMF B z positive and negative, before and after the equinox. The winter hemisphere is colored grey. Before equinox and for B z <0, the cusp is wider in the Southern Hemisphere (3.13×10 3 km against 2.23 in the north) as expected; yet, this is where the magnetosheath flow is the fastest. The altitude effect dominates. After equinox, still for B z <0, the difference in width between the two cusps is significantly larger (4.21×10 3 km in the south, which is now the summer hemisphere, against 2.41 in the north). Here, the seasonal effect has clearly intervened to make the southern cusp even wider. For B z >0, the means of the cusp widths are very similar in the two hemispheres before the equinox. Again, the seasonal effect affects the cusp width in the Southern Hemisphere: field lines which are newly reconnected in the southern lobe are swept away faster by the strong magnetosheath flow. This is also true for the Northern Hemisphere but the magnetosheath flow is then expected to be slower. After the equinox, the values once again confirm our explanation, although the statistics are very poor (only two cases for the Northern Hemisphere).
Cusp location and dynamics
As already mentioned in the Introduction, the location of the cusp with respect to the IMF orientation is nothing new. However, in addition to the reasons already evoked, we think that it is worth performing the same kind of analysis as , Zhou et al. (2000) , or Palmroth et al. (2001) . Those studies were made at different altitudes, so it will be interesting to compare our results with theirs and thereby, to compare the cusp dynamics at various altitudes.
Dipole tilt effect and corrected invariant latitude
Before going into the statistics and their analysis, the effect of the dipole tilt angle has to be removed in order to isolate the IMF effects. To do so, one needs to determine the quantitative contribution of a given inclination of the dipole to the observed invariant latitude of the cusp. This may be tricky, as the IMF effect may, in turn, come into play. To limit the contribution of the IMF, we may, as in previous studies, plot the location of the cusp as a function of the dipole tilt only for northward IMF cases, for which the cusp latitudinal location is more or less stable. This does help but then the solar wind pressure should be of the same order of magnitude for all selected cases because we know that the state of compression of the magnetosphere also affects the cusp location. Likewise, the MLT sector should be about the same for all samples, as an effect on the latitudinal location has been reported. Besides, all the authors already mentioned Zhou et al., 2000; Palmroth et al., 2001) performed their studies on the location of the center of the cusp. Yet, the boundary between the cusp and the thick, dense LLBL is somewhat fuzzy under northward IMF. For this reason, we prefer to handle the location of the poleward boundary of the cusp, which, for northward IMF, appears to be a sharp and clear boundary (Lavraud et al., 2002) and therefore, a more accurate parameter. All in all, in order to take into account all of these considerations, we have handled the invariant latitude of the poleward boundary ( PoB ) of the cusp only for crossings occurring for clock angles of the (steady) IMF between −45 • and 45 • (in GSM) and for solar wind dynamic pressures smaller than 5 nPa. Figure 8 shows the invariant latitude of the poleward boundary of the selected cusps ( PoB ) versus the tilt angle ( ). The slope of the linear fit is 0.0907, thus, an increase of ∼11 • in tilt angle results in an increase/decrease of 1 • in invariant latitude in the Northern/Southern Hemispheres. This correction is applied to the invariant latitudes of the equatorward and poleward boundary of the cusps observed. This is somewhat lower than the values found by and Zhou et al. (1999) but larger than that found by Němeček et al. (2000) . We remove this effect for each cusp crossing and handle corrected invariant latitudes , as
(+ and − for the Northern and Southern Hemispheres, respectively).
We have to point out that we have used cusp crossings from both hemispheres in Fig. 8 . We have just multiplied the tilt angles by −1 for the Southern Hemisphere. Besides, for a reason that we shall discuss later on, we notice that the data points corresponding to the Northern Hemisphere (black) are much more scattered than those for the Southern Hemisphere (red).
From now on, only the corrected invariant latitude will be used in the paper. 
IMF-B z dependence
A negative Z-component of the IMF is expected to enhance the reconnection process at the Earth's magnetopause and therefore, to erode the magnetosphere magnetically, so that the reconnection region becomes closer and closer to the Earth. By projecting down to the ionosphere, this means that the footprint of the X-line becomes lower and lower in latitude. This is the basic concept. In practice, other parameters come into play in the location of the cusp and interfere, so to say, with the B z effect, to such an extent that it may actually be difficult to obtain an accurate qualitative view of the pure B z effect. Figure 9 shows a scatter plot of the invariant latitude of both the equatorward and poleward edges of the cusp versus IMF-B z . Note that only cusp crossings occurring under steady IMF and for a solar wind pressure smaller than 5 nPa have been plotted. For negative values of B z , the cusp location exhibits the expected dynamics: the location of the cusp edges decrease in latitude with B z as follows:
For northward IMF (positive B z ), the behavior of the cusp is more stable, its location is much less sensitive to variations in IMF B z . Although the linear fit indicates that the location of the cusp should progress northward as B z increases (positive slope in right-hand side of both panels of Fig. 9) , a look at the data points suggests the contrary, that is to say that the cusp remains rather stable or even moves slightly equatorward as B z increases! We should remark at this stage that there have been some inconsistencies between previous studies on the behavior of the cusp under northward IMF. This will be discussed later on. In order to investigate possible hemispheric differences, we have plotted in Fig. 10 the invariant latitude of the cusp equatorward boundary versus B z for each hemisphere (steady IMF cases). We won't pay too much attention to the right-hand part of each panel for the moment, as the correlation is poor and the number of points insufficient. On the other hand, the left-hand part of each panel (negative B z ) presents interesting features. First of all, the linear fits have similar slopes, showing that the cusp behaves the same way in both hemispheres. On the other hand, there seems to be an asymmetry in the position of the cusp: it seems to be at a slightly higher latitude in the Southern Hemisphere: for B z =0, the equatorward boundary is at 77.4 • in the north and 78.1 • in the south. However, this would need to be confirmed with more data points. At last and maybe more interestingly, as already noticed previously, the correlation is better in the Southern (0.82) than in the Northern (0.68) hemisphere.
We have taken advantage of the multipoint capability of the Cluster to investigate the reactivity of the cusp in response to changes in B z . We know that large-amplitude and rapid changes in the IMF are accompanied by a fast response of the cusp . We have compared the location of the cusp equatorward boundary of successive passes of the Cluster spacecraft through the same cusp, on the one hand, and we have compared the location of the cusp between the Southern and Northern Hemispheres during the same orbit, on the other hand (same technique as for Fig. 7 and therefore, the same pairs of spacecraft), as seen in Fig. 11 . Successive passes of the Cluster satellites through a given cusp (top panel) show the tendency: a decrease/increase in B z makes the cusp move equatorward/poleward, although it is not the case for all the points. This may depend on the time differences between the pair of passes taken. The tendency is much clearer when the two cusps are compared (bottom panel of Fig. 11) . The cusp has then all the time in the world (∼4 h in fact) to adapt itself to the new IMF conditions. By fitting the data points in the latter case (bottom panel of Fig. 11 ), we find again a similar slope, 0.679, as in Eq. (4). Cases for which the duration between two successive passes is not too long are of particular interest in order to find the latitudinal velocity of the cusp while it responds to a given IMF change in the Z direction. Figure 12 displays the velocity of the cusp (calculated with pairs of spacecraft crossing the same cusp not longer than 30 min apart) successive passes not exceeding 30 min apart) as a function of the variation in B z . It suggests that the velocity of the cusp is proportional to B z . Both the poleward and the equatorward boundaries move at the same velocity (in • /min/nT):
IMF-B y dependence
The zonal location of the cusp, in MLT, is shown in Fig. 13 for the two hemispheres (north on top, south at bottom), and for negative and positive IMF B y (left and right, respectively). For each case, the mean MLT is given. Here again, only the cusp crossings occurring under steady IMF have been plotted. We find the well-known trend, i.e. the cusp is statistically found in the morning sector of the Northern Hemisphere for negative B y (11.8 MLT on average) and in the afternoon sector for positive B y (12.5 MLT on average). The opposite trend is observed in the Southern Hemisphere: 12.1 for B y <0 and 11.4 for B y >0). All this is a priori in agreement with anti-parallel reconnection sites but we shall discuss later on the few cases that do not follow this trend. Another way to look at this B y -effect is shown in Fig. 14 
The linear fit is superimposed in red and the equation of the straight line is very similar for both hemispheres, with a coefficient of "zonal mobility" of 0.087 (0.085) MLT/nT. For B y =0, the cusp finds itself near noon in both cases.
It should be noted that the correlation coefficient is better in the Southern Hemisphere (−0.58) than in the north (0.35). Besides, cases where |B y |>|B z | are much more scattered, particularly in the Northern Hemisphere, suggesting that the cusp becomes wider when B y is larger than B z .
Solar wind dynamic pressure dependence
By considering all cusp crossings together, no obvious correlation is found between the location of the cusp and the solar wind dynamic pressure, because we face the same problem as in Sect. 5.1 when we removed the dipole tilt effect: the dynamics due to the magnetic erosion (B z effect) may and do interfere with the pressure effect. Yet, we do know that a high solar wind dynamic pressure (during storms, for instance) makes the cusp move to lower latitudes (e.g. Meng, 1982) . In order to see a clear effect of the solar wind pressure on the cusp location, we consider only cusp crossings occurring under predominantly northward IMFs (clock angles between −45 and 45 • ). Figure 15 shows the location of the cusp poleward (top) and equatorward (bottom) boundaries as a function of the solar wind dynamic pressure. A dependency between the solar wind pressure chosen and the location of the cusp is clearly visible and the correlation factors are excellent. The linear relations between the solar wind pressure (P sw ) and the invariant latitude of the poleward and equatorward boundaries of the cusp ( PoB and EqB ) are: PoB = −0.390P sw + 82.1 (7) 
These relations confirm that the cusp moves down in latitude with increasing solar wind pressure and also show that it widens (the equatorward edge depends on the pressure with a greater coefficient (in absolute value) than the poleward edge). We can note in Fig. 15 that the correlation coefficient is better for the poleward boundary (−0.90) than for the equatorward boundary (−0.76), which confirms that the poleward boundary is a better parameter to describe the cusp dynamics under northward IMF (as mentioned in Sect. 5.1). These are also the best correlation coefficients obtained in this study.
Discussion

Number of cusp crossings
It is interesting to note that, using the method described in Sect. 2, only 261 out of 960 passes in the mid-altitude dayside magnetosphere were identified as cusp crossings, representing ∼27% of the passes. Several explanations may account for this relatively low number. First of all, there are data gaps. Portions of some orbits can be missing for many reasons: CIS instrument off, problem with the instrument, maneuvers, and partial coverage. The latter reason was particularly true in 2001 when the orbit coverage was less than 50%. In fact, almost all the potential cusp crossings from the Southern Hemisphere were not covered in terms of data acquisition, due to the wide MLT range chosen (from 08:00 to 16:00 MLT) for the orbit selection. As previously explained, we have deliberately chosen such a wide MLT range as not to miss the discontinuous cusps which are expected to occur far away from noon. Our MLT range being wider than the statistical cusp width (Newell and Meng, 1994) , we could indeed easily miss it. At last, an unfavorable IMF-B y may move the cusp towards the opposite MLT sector. This may occur, for instance, if Cluster is in the morning sector of the Northern Hemisphere and that a positive IMF-B y "pushes" the cusp towards the afternoon sector. Cluster will, in this case, miss the cusp. This also illustrates the relative narrowness of the cusp at those altitudes.
6.2 Dipole tilt angle effect on the cusp location In Sect. 5.1, we found that a shift of 11 • in the dipole tilt angle yields a shift of 1 • in the invariant latitude of the cusp poleward boundary. This has to be compared to other studies. Values as high as 14 • tilt for 1 • ILAT and 17 • tilt for 1 • ILAT were found, respectively, by Zhou et al. (1999) and Palmroth et al. (2001) whereas Němeček et al. (2000) found a lower value of 8 • tilt for 1 • ILAT. There are several elements that may account for these differences. First of all, these differences may arise from the fact that we have performed our study on the poleward boundary of northward IMF-cusps only. As emphasized by Palmorth et al. (2001) , the location of the cusp equatorward boundary is not clear under northward IMF and even worse, it is instrument-dependent. Besides, it is well known that the solar wind density has a direct consequence on the size of the magnetosphere and thus, on the location of the footprint of the first open field lines, regardless of the IMF orientation. There have also been reports, although sometimes contradictory, on the role of the Y-component of the IMF, pushing the cusp in the morning or afternoon sector but also at higher (or lower, depending on the author) latitudes. To be as rigorous as possible and to remove those undesirable effects, we have constrained our selection in terms of IMF clock angle and solar wind dynamic pressure (Sect. 5.1). This again may introduce differences. Apart from the study by Palmroth et al. (2001) , in which a separation has been made between cases where B y is large or small, all the other studies did not contain such a discrimination, which we think is necessary.
At last, we have seen that the cusp does not behave the same way in the two hemispheres. The qualitative role of the dipole tilt may, under these conditions, depend on the fact that one or both hemispheres are taken into account for the analysis.
Cusp latitudinal location for southward IMF
The location of the equatorward edge of the cusp is a priori ruled by the location of the dayside magnetopause, which is determined by both the solar wind dynamic pressure and the Z-component of the IMF (through magnetic erosion). As we mentioned already, it is often difficult to separate the effects of each of them but one way to account for both would be to compare the location of the cusp with the magnetopause stand-off distance, for instance. Figure 16 shows the latitude of the cusp poleward and equatorward boundaries ( PoB and ( EqB ) versus the standoff distance given by the Shue et al. (1997) model for steady southward IMF. Circles are filled when the IMF clock angle is greater than 135 • in absolute value (|B z |>|B y |). The linear fit of the circled data points is in red, the equation of which is given, together with the correlation coefficients. We can see that the location of the cusp correlates very well (∼0.7 for both boundaries) with the stand-off distance, but not better than with B z alone (Fig. 9) , which is surprising knowing that the location of the subsolar point takes the solar wind pressure into account, thus a priori a better description of the location of the first open field line.
Lastly, we should point out that the correlation factors drop to 0.48 and 0.41, respectively, for the poleward and equatorward boundaries when all data points are taken into account (Fig. 16) . The distribution of the empty circles, at higher latitudes globally, emphasizes the role of B y when it dominates: it moves the cusp to higher latitudes (see Sect. 6.5).
Cusp latitudinal location for northward IMF
According to our results (Sect. 5.4), there is no doubt that the cusp dynamics under northward IMF are primarily ruled by the solar wind dynamics pressure. However, previous works not only seem to indicate that there are also some IMF dependencies, but do not agree on the behavior of the cusp for northward IMF, as to whether it is equatorward or poleward boundary. Some seem to show that the cusp equatorward boundary slightly moves to lower latitudes as the magnitude 3022 F. Pitout et al.: Cluster survey of the mid-altitude cusp of B z increases (Zhou et al., 2000; Palmroth et al., 2001) , whereas others show the opposite . Likewise, the poleward boundary is said to progress poleward as B z increases (Palmroth et al., 2001) or equatorward (Zhou et al., 2000) .
In the face of these disagreements, let us first look in detail at what could possibly affect the cusp location under northward IMF (apart from the solar wind dynamic pressure). If magnetic erosion in the lobe were effective, it would make the first open field line move at a higher latitude as the magnitude of B z increases. This is, by the way, the behavior we obtain, like , when we consider all B z >0 cases. This behavior ought to be emphasized by selecting cases for which B z dominates (clock angle <45 • in absolute value). In order to isolate this possible effect, we have plotted in the two first panels of Fig. 17 the location of the equatorward and poleward boundaries of the cusp corresponding to stable and B z -dominating (|B z |>|B y |) IMFs, and to solar wind pressures smaller than 5 nPa. We can see that not only the slope is negative (which rules out the possible role of magnetic erosion) but the correlation is poor, suggesting that in fact, B z does not play any role in the cusp dynamics for northward IMF. Palmroth et al. (2001) have invoked an IMF B y -effect. We have materialized this in the two bottom panels of Fig. 17 .
They show the location of the equatorward and poleward boundaries of the cusp under northward IMF as a function the absolute value of IMF-B y . As previously, only cases corresponding to stable IMF and with a moderate solar wind pressure (P sw <5 nPa) have been plotted. Unlike B z , B y appears to influence greatly the latitudinal location of the cusp: the cusp moves at lower latitudes with increasing B y . Note that the correlation coefficient is much better than with B z .
The positive slopes which we obtained in Fig. 9 are therefore more constrained by the cases near B z =0 (some of which are dominated by B y ) than by some actual dependence on B z .
6.5 The role of IMF-B y on the latitude of the cusp Several studies have underlined the role of B y in moving the cusp equatorward as it increases (Zhou et al., 2000; Wing et al., 2004) . On the contrary, Rodger et al. (2000) predicted that the location of the cusp should migrate at higher latitudes as B y increases. In fact, these two former studies mixed northward and southward IMF cases and we think this detail has its importance. We show in the previous section that B y does play a role under northward IMF in moving the cusp at lower latitudes. We have plotted in the first panel of Fig. 18 the invariant latitude of the cusp equatorward boundary ( EqB ) versus |B y | for all cases corresponding to a steady IMF (northward or southward) and to a solar wind pressure smaller than 5 nPa (like previously). We have averaged EqB for bins of |B y |+/−2 nT separately for both northward (red plain dots) and southward (blue) IMF and linearly fitted these mean values. We see that EqB decreases with |B y | for both cases. But this should be handled with caution: we know from the previous section that B z plays no major role in the cusp dynamics under northward IMF but this is far from the case for southward IMF. In order to reduce the effect of B z , we have plotted in the bottom panel of Fig. 18 EqB versus the sine of the absolute value of the IMF clock angle, which is zero when the IMF is purely "vertical" (along the z-axis in the (y,z) plane), and 1 when the IMF is purely "horizontal" (along the y-axis). The averaging method (sin|θ IMF |+/−0.1) and color codes are similar to those used for the top panel.
We clearly see the effect of the orientation of the IMF. When it is along Z, the location of the cusp greatly depends on the sign of B z , which is not surprising at all. But as sin|θ IMF | increases (i.e. as B y becomes larger and larger with respect to B z ), the locations of the cusp for northward and southward IMF converge toward a unique location, which is the location for an IMF totally horizontal (in the (y,z) plane). So when the IMF rotates from due north/south to due east or west, the cusp moves down/up in latitude, respectively. 6.6 Cusp latitudinal velocity in response to changes in IMF-B z
We have found that when the IMF varies in the Z-direction, the induced latitudinal cusp motion is proportional (in speed)
to the variation in B z (Fig. 12) . Note that even if a change in B z does not necessarily imply a change in the sign of B z , the velocity inferred must in fact come from cases where B z change sign or where B z remain negative, because we know that the motion of the cusp is very limited during northward IMF. Recently, Escoubet et al. (2006) have reported the motion of ion steps in response to a southward turning of the IMF as measured by Cluster at middle altitude. The first velocity measured, right after the turning was of the order of 0.43 • /min and then, the two following ones were of the order of 0.16 • /min (for a change in B z of about 5 nT). For the same change, our relation (6) gives 0.12 • /min, which is fairly similar to the two last measurements.
We have to say that the method used to infer the velocities plotted in Fig. 12 may explain why we find lower values. In fact, in order to have enough data points, we have allowed a length of time of 30 min between two successive satellite passes; 30 min is probably a little longer than the time the cusp actually needs to fully reorganize. Velocities inferred from relation (6) may then be underestimated.
Cusp zonal dynamics and implication for merging
We have shown that the cusp zonal dynamics agrees well with the previous results by Newell and Meng (1994) or Palmroth et al. (2001) , for instance. Statistically speaking, we do observe that the cusp moves with the Y-component of the IMF and results from cited studies also consider a statistical approach. However, on a case by case basis, we also see a non-negligible amount of cases which do not follow the expected trend. Where do they come from? First of all, the cusp may have a zonal width of a couple of hours in MLT, therefore, we don't know, for a given cusp crossing, which part Cluster goes through. There may be another reason: as a matter of fact, we invoked, on the one hand, the large zonal extent of the cusp to explain why we observe it in the "wrong" sectors with respect to the IMF B y , and indeed, the cusp may be very wide in local time (Maynard et al., 1997) . On the other hand, we put forward its narrowness in Sect. 6.1 to explain why only one quarter of the potantial cusp crossings are actually identified as cusp crossings. There is here a contradiction that must reveal something else. While some works suggest that component and anti-parallel reconnection may occur simultaneously (Lockwood et al., 2003) , recent results from Trattner et al. (2005) indicate that anti-parallel reconnection is the reconnection mode occurring by default, so to speak, or at least the one which dominates. When antiparallel reconnection cannot operate efficiently, because of an unfavorable configuration (large B y ), then component reconnection becomes dominant. We propose that those cases which do not follow the usual trend are not necessarily cases that should be ignored in the name of statistics, and could well have an important physical significance. We know that the reconnection line (X-line) may be greatly distorted and covers a large part of the magnetopause in the case of component reconnection. Cases off the statistical trend may result from component reconnection (Bobra et al., 2004) . This is precisely what we found in Sect. 5.3 and Fig. 14: cusps corresponding to cases where B y is greater than B z are basically found everywhere, irrespective of the IMF orientation. This shows that the MLT sector somewhat decorrelates from B y when the latter becomes large. This is much in favor of an extended X-line, i.e. of component reconnection.
A last possibility involving only the strength of B z exists, although we cannot verify it due to an insufficient number of data points: Crooker et al. (1991) have shown that for strong southward IMF, the cusp local time extent can be much larger. For larger |B z |, one expects more subsolar merging, compared to the smaller |B z | situation, where anti-parallel or higher latitude merging is more likely. The direct implication is the same: under subsolar reconnection, the cusp would be observed at a larger range of MLT.
Altitude and seasonal effects
We have noticed in Sect. 5 an interesting feature: in Fig. 10 , the correlation between the IMF-B z and the latitude of the cusp equatorward boundary is greater in the Southern Hemisphere (0.82) than in the Northern Hemisphere (0.68). Likewise, in Fig. 14 , the correlation between the IMF-B y and the MLT sector at which the cusp is observed is rather good in the Southern Hemisphere (−0.58), whereas it is poor in the Northern Hemisphere (0.35). We have already mentioned that cusp crossings in the Northern Hemisphere take place at lower altitudes (∼5 R E ) than in the Southern Hemisphere (∼7 R E ). The response of the cusp to the IMF orientation also depends on the altitude: The magnetic field strength at high-altitude is much lower (3 order of magnitude) than at low altitude, therefore, field lines at high altitude are much more mobile and more dependent on solar wind forcing than at low altitude. This makes the cusp more mobile at a high altitude (Palmroth et al., 2001) . We should note that, as far as the B z dependence of the cusp boundaries is concerned, our results are close to those of Newell et al., showing that even at the 5-8 R E altitude, the dynamics of the cusp are already substantially constrained by the geomagnetic field, almost as much as at a low altitude.
It may also be that the summer hemisphere cusp is more mobile and sensitive to (and therefore more dependent on) the solar wind flow ), as it is more open on the exterior.
A third explanation comes directly from the first part of the study: the size of the cusp. We have shown ( Table 2 ) that the cusp is latitudinally wider in the summer hemisphere, which happens to be most of the time the Northern Hemisphere, in our case. A wider cusp implies it has more of a chance to be encountered by a satellite at slightly different latitudes, i.e. at latitudes which deviate more from the statistical trend. This can certainly explain why the correlation between B z and the invariant latitude of the cusp boundaries ( EqB and PoB ) is poorer ( Fig. 10) and also why the data points representing the tilt angle ( ) as a function of PoB is more scattered in the Northern Hemisphere (Fig. 8) . When it comes to the zonal dynamics (correlation between B y and MLT), Fig. 14 also suggests that the cusp widens in MLT more easily in the summer hemisphere.
Conclusions
We have performed a statistical study based on four times three months of Cluster data taken in the dayside magnetosphere, representing 120 orbits. Out of 960 possible cusp crossings (by 3 satellites in the two hemispheres), only 261 passes were actually identified as cusp crossings, according to our criteria. From those crossings, we have had access to a wealth of information. In this first paper, we have focused on cusp size, location, and dynamics, although this was not the original intention of this work. As a matter of fact, we performed a few preliminary tests to compare our results with previous works and thereby validate our selection criteria when we realized that we could contribute to the topic.
We have compared the possible parameters which may explain the differences in latitudinal width. Our results tend to show that the difference in magnetosheath flow does intervene (the faster the magnetosheath plasma flows, the narrower the cusp becomes) but does not quite balance the difference in width, due to the difference in altitude at which the cusp is crossed in both hemispheres.
The dependence of the cusp location on the dipole tilt angle which we found (a shift in invariant latitude of 1 • for each 11 • of tilt) is intermediate compared to previous studies. The explanation presumably comes partly from the different methods applied: different instruments, one or two hemispheres taken into account, as well as analysis done on the center of the cusp or its poleward boundary.
Also, the great variety of MLT sectors at which the cusp is found, irrespective of the prevailing IMF, plays in favor of an occasional extended X-line across the dayside magnetopause. For that significant minority of the passes in which the cusp is found at an anomalous MLT, the answer may be component merging at a low latitude.
The dynamics of the cusp in relation to the IMF orientation were investigated: for southward IMF, B z rules the latitudinal dynamics, while when the IMF points northward, only the solar wind pressure and B y have a clear effect. B z does not appear to play any role, proving that magnetic erosion in the lobe in not an efficient process.
For the first time, the multipoint capability of Cluster has allowed us to study in situ the response of the cusp to changes in IMF orientations: the time required for the cusp width to adjust is larger than 20 min and the motion of the cusp triggered by the rotation of the IMF has a velocity proportional to the variation in B z : V cusp =0.024 B z , the cusp velocity being in • /min and B z in nT.
We have also quantified the role of the solar wind dynamic pressure on the location of the cusp. This was done by selecting cusp crossings occurring under almost due northward IMF to remove other effects. The cusp clearly moves down in latitude as the solar wind pressure increases. The same trend is obviously expected for all IMF orientations, although it is harder to substantiate.
At last, hemispheric differences in the behavior of the cusp have been observed and interpreted in terms of seasonal effects: the cusp widens more freely in the summer hemisphere.
